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ABSTRACT 

Retarding  potential  analyzer  and  cylindrical  Langmuir  probe  measurements  were  taken  on  the 
laboratory  model  NASA-173Mv2  to  improve  understanding  of  the  physical  processes 
affecting  Hall  thruster  performance  at  high  specific  impulse.  A  retarding  potential  analyzer 
was  used  to  measure  the  ion  voltage  distribution  at  voltages  of  300-800  V.  A  cylindrical 
Langmuir  probe  was  also  used  to  obtain  the  local  plasma  potential  so  that  the  true  ion  voltage 
was  obtained.  The  goal  of  the  experiments  was  to  provide  information  on  the  ionization  and 
acceleration  processes  internal  to  the  thruster  as  a  function  of  discharge  voltage  and  magnetic 
field.  The  results  have  shown  that  the  ratio  of  ion  energy  to  discharge  voltage  and  the  width  of 
the  ion  voltage  distribution  both  increased  with  discharge  voltage.  This  implied  that  the 
primary  ionization  zone  was  growing  in  axial  extent  and  moving  closer  to  the  anode  as  the 
discharge  voltage  increased. 


I.  INTRODUCTION 

As  used  for  spacecraft  applications  in 
Earth  orbit  such  as  station-keeping,  orbit-raising, 
and  orbit-transfers,  the  xenon-fueled  Hall  thruster 
is  generally  regarded  as  a  1600  second  specific 
impulse  (Isp)  device  that  operates  at  discharge 
voltages  of  300  V.  Mission  studies  have  shown 
though  that  moderate  increases  in  the  Isp  of  Hall 
thrusters  to  the  2000-3000  second  range  can 
enhance  or  enable  a  number  of  Earth-orbital  and 
interplanetary  missions.1'6 

The  NASA-1 73M  series  of  laboratory- 
model  Hall  thrusters  were  conceived  to  understand 
the  design  challenges  and  physical  mechanisms 
determining  performance  in  the  2000-3000  second 
range  of  Isp.710  The  basic  philosophy  underlying 
their  designs  was  that  changes  to  the  magnetic 
field  topography  would  be  required  for  efficient 
operation  above  300  V.  Advanced  magnetic 
circuits  allowing  for  in  situ  variation  of  the  field 
topography  were  therefore  incorporated  into  each 
thruster.  The  NASA-173Mvl,  built  jointly  by  the 
University  of  Michigan  and  fee  NASA  Glenn 
Research  Center  (GRC),  established  the  validity  of 


this  approach.7'8  In  a  performance  study  at  low 
current  densities,  changes  to  the  magnetic  field 
topography  at  high-voltage  were  shown  to  be 
critical  to  achieving  efficient  operation.8  The 
follow-on  design  developed  at  GRC,  fee  NASA- 
173Mv2,  was  fabricated  to  incorporate  design 
improvements  suggested  by  its  predecessor.  A 
performance  mapping  of  fee  173Mv2  at  several 
current  densities  established  that  efficient 
operation  in  fee  2000-3000  second  range  of  Isp 
was  possible  if  a  minimum  current  density  was 
maintained  and  fee  magnetic  field  topography  was 
properly  shaped9 

Design  and  experiment  has  established  fee 
feasibility  of  operating  Hall  thrusters  efficiently  at 
high-Isp.  A  need  exists,  however,  to  establish  a 
more  fundamental  relationship  between  the 
thruster  design  and  the  microscopic  plasma 
properties  so  that  higher-fidelity  thrusters  can  be 
engineered.  This  is  necessary  to  further  improve 
performance,  establish  an  understanding  of 
lifetime,  and  enable  integration  with  spacecraft.  A 
comprehensive  series  of  plasma  diagnostics  have 
therefore  been  deployed  on  the  NASA-173Mv2  to 
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improve  basic  understanding  of  the  plasma 
characteristics.  Previous  studies  have  considered 
plume  divergence,  plasma  oscillations,  internal 
floating  potential,  and  very-near-field  ion  current 
density.9'10 

In  the  present  work,  a  retarding  potential 
analyzer  was  used  to  measure  the  ion  voltage 
distribution  of  the  NASA-173Mv2  on  thruster 
centerline,  two  meters  downstream  of  the  exit 
plane,  at  a  constant  xenon  flow  rate  of  10  mg/s  and 
voltages  of  300-800  V.  A  cylindrical  Langmuir 
probe  was  also  used  to  obtain  the  local  plasma 
potential  so  that  the  true  ion  voltage  was  obtained. 
The  goal  of  the  experiments  was  to  provide 
information  on  the  ionization  and  acceleration 
processes  internal  to  the  thruster  as  a  function  of 
discharge  voltage  and  magnetic  field.  The  results 
have  shown  that  the  ratio  of  ion  energy  to 
discharge  voltage  and  the  width  of  the  ion  voltage 
distribution  both  increased  with  discharge  voltage. 
This  implied  that  the  primary  ionization  zone  was 
growing  in  axial  extent  and  moving  closer  to  the 
anode  as  the  discharge  voltage  increased. 

II.  EXPERIMENTAL  APPARATUS 

The  hardware  used  in  these  experiments 
were  identical  to  those  used  in  the  performance 
and  plume  characterization  described  in  Ref.  9. 
This  includes  the  thruster,  power  electronics, 
vacuum  facility,  and  how  the  thruster  was 
moulded  in  the  vacuum  facility.  The  only  changes 
were  the  addition  of  the  Langmuir  probe  and 
retarding  potential  analyzer. 

A.  NASA-173Mv2  Hall  effect  thruster 

The  laboratory  model  NASA-173Mv2  is  a 
5  kW-class  Hall  thruster  that  has  a  discharge 
chamber  outer  diameter  of  173  mm  (Figure  1;  see 
Ref.  9  for  a  detailed  description).  A  fixed 
structure  of  magnetic  poles  pieces,  an  inner  coil 
(IC)  and  an  outer  coil  (OC)  are  used  to  form  the 
primary  magnetic  circuit.  Fine  control  of  the 
magnetic  field  is  provided  with  an  internal  trim 
coil  (ITC)  and  an  external  trim  coil  (ETC).  The 
ITC  primarily  affects  the  radial  magnetic  field  in 
the  discharge  chamber,  while  the  ETC  affects  the 
magnetic  field  downstream  of  the  exit  plane  and 
near  the  cathode.  Operation  without  the  ITC  or 
ETC  is  referred  to  as  “+IC,  +OC,”  meaning  that 
only  the  IC  and  OC  were  used.  The  symbols  “+” 


or  indicate  the  polarity  of  a  coil,  where  “+” 
adds  and  subtracts  from  the  magnetic  field. 


Figure  1  -  Photograph  of  the  NASA-173Mv2  Hall 
thruster. 

Figure  2  shows  the  total  specific  impulse 
and  total  efficiency  of  the  NASA-173Mv2  at  10 
mg/s  versus  discharge  voltage.  The  data  is  from 
the  performance  characterization  of  Ref.  9.  The 
Isp  and  efficiency  include  cathode  flow  and  the 
efficiency  also  includes  the  power  to  operate  the 
magnets.  Isp  and  efficiency  ranges  from  1600- 
3400  seconds  and  51-61%,  respectively,  over  the 
voltage  range  of  300-1000  V.  Trim  coils  always 
improved  efficiency  by  1-2%. 

The  plasma  discharge  was  pow  ered  by  a 
matching  pair  of  commercially  available  power 
supplies  wired  in  series  that  provided  a  1200  V,  16 
A  output.  The  discharge  filter  consisted  of  a  100 
pF  capacitor  in  parallel  with  the  supply  outputs. 
Other  commercially  available  power  supplies  were 
used  to  power  the  magnet  coils  and  the  cathode 
heater  and  keeper.  The  hollow  cathode  was  a  20 
A  laboratory'  model  fabricated  at  GRC  and 
positioned  above  the  thruster  (see  Figure  1). 

Xenon  (99.999%  pure)  was  supplied 
through  stainless  steel  feed  lines  with  20  and  200 
seem  mass  flow  controllers.  The  controllers  were 
calibrated  before  the  experiments  using  a  constant- 
volume  method.  The  estimated  uncertainty  of  the 
calibrations  was  ±0.7%  for  the  anode  and  ±1.4% 
for  the  cathode. 


Total  Efficiency  (-)  Total  Specific  Impulse  (seconds) 


Figure  2  -  Total  specific  impulse  and  efficiency 
versus  discharge  voltage  of  the  NASA-173Mv2  at  10 
mg/s  (from  Ref.  9). 


Thruster  telemetry"  was  acquired  using  a 
22-bit  datalogger.  The  DC  accuracy  of  the  unit,  as 
reported  by  the  manufacturer,  is  0.004%. 
However,  calibration  of  each  channel  using  digital 
multimeters  increased  the  uncertainty  to  ±0.05% 
for  voltage  and  ±0.2%  for  current. 

The  thruster  was  operated  for  four  hours 
after  initial  exposure  to  vacuum  conditions  to 
allow  for  outgassing  of  the  chamber  walls.  Upon 
subsequent  thruster  shutdowns  and  restarts  or  a 
change  in  the  discharge  voltage,  the  173Mv2  was 
operated  for  at  least  30-60  minutes  before  data  was 
acquired.  This  allowed  enough  time  for  the 
discharge  current  to  reach  a  steady-state  value. 

B.  Vacuum  facility 

All  experiments  were  conducted  in 
vacuum  facility  12  (VF12)  at  GRC.  VF12  is  a 
cylindrical,  stainless  steel  chamber  3.0  m  in 
diameter  by  9.6  meters  in  length.  The  facility  is 
ciyogenically  pumped  and  backed  by  a 
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turbomolecular  pump  for  removal  of  low 
molecular  weight  gases  that  are  not  pumped  by  the 
cryosurfaces.  The  thruster  was  mounted  on  the 
thrust  stand  described  in  Ref.  9.  The  thrust  stand 
was  locked  down  and  was  not  used  for  these 
experiments.  In  this  position,  the  thruster  was  near 
the  chamber’s  centerline  on  one  end  of  the  facility 
and  fired  8.9  m  down  the  length  of  the  tank  toward 
the  pumps,  which  are  located  along  the  back  half 
of  the  chamber.  A  hot-cathode  ionization  gauge 
was  mounted  0.4  m  below  the  vertical  chamber 
centerline,  5.2  m  downstream  from  the  thruster. 
Pressure  measurements  were  corrected  for  xenon 
using  the  base  pressure  on  air  and  a  correction 
factor  of  2.87  for  xenon.  For  xenon  flow  rates  of  1 
and  10  mg/s  through  the  anode  and  cathode, 
respectively,  the  pressure  wras  4 . 6x  1  O  '  Torr,  after 
correcting  for  xenon  and  the  base  pressure  on  air, 
which  was  l.OxlO'7  Torr.  This  corresponded  to  an 
average  xenon  pumping  rate  of  340,000 1/s. 

C.  Cylindrical  Langmuir  probe 

A  cylindrical  Langmuir  probe  was  used  to 
estimate  the  plasma  potential  (Vp)  with  respect  to 
facility  ground  near  the  location  of  the  RPA.  As 
described  in  the  next  section,  Vp  was  needed  to 
obtain  the  true  ion  voltage.  The  measurements 
were  taken  during  other  experiments  with  an  ExB 
probe. 

The  Langmuir  probe  had  a  diameter  of 
1.60  mm  and  a  length  of  16.5  mm.  The  length  of 
the  probe  was  aligned  parallel  to  the  ion  flow,  with 
the  mid-point  located  2  m  downstream  of  the 
thruster  exit  plane  and  62  mm  radially  from 
thruster  centerline.  The  estimated  uncertainty  in 
the  plasma  potential  because  the  Langmuir  probe 
was  not  on  centerline  (where  the  RPA  was  actually 
located)  was  less  than  one  volt.11 

The  magnetic  field  leaking  from  the 
permanent  magnets  in  the  ExB  probe  was  on  the 
order  of  a  few  Gauss.  This  was  sufficiently  small 
that  the  magnetic  field  could  be  neglected  in  the 
analysis  of  the  probe  characterstie. 

The  plasma  potential  was  found  from  the 
maximum  in  the  first  derivative  of  the  electron 
current.  This  method  is  convenient  because  it  is 
easily  automated  in  the  data  analysis,  but  tends  to 
underestimate  the  plasma  potential  when 
compared  to  graphical  analysis  using  curve 
fitting.12  Comparisons  between  the  different 
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methods  on  a  few  test  cases  showed  that  the 
derivative  method  was  consistently  lower  than  the 
graphical  method  by  a  value  on  the  order  of  a  volt. 

Considering  all  sources  of  error  described 
above,  the  uncertainty  in  the  plasma  potential  was 
estimated  to  be  +2/-1 V. 


wires  are  then  routed  along  the  inner  edge  of  the 
phenolic  sleeve  and  out  the  rear  of  the  body.  The 
washers  and  grids  are  fixed  in  place  by  a  spring 
placed  behind  the  collector  and  fixed  in  place  by  a 
rear  cover.  Relevant  dimensions  are  summarized 
in  Table  1. 


D.  Retarding  potential  analyzer 

The  retarding  potential  analyzer  (RPA) 
allows  the  collection  of  selectively  filtered  ions  by 
applying  a  retarding  potential  across  an  inlet  grid. 
The  RPA  acts  as  a  high-pass  filter,  that  is,  for  a 
given  grid  potential,  only  ions  with  energy  to 
charge  ratios  (E/q)  greater  than  the  grid  voltage 
pass  and  reach  a  collection  electrode.  The 
derivative  of  the  resulting  current-voltage 
characteristic,  dl/dV,  is  proportional  to  the  ion 
voltage  distribution: 


dl 

dV 


M 

m, 


f(V) 


(1) 


(where  q,  is  the  charge-state  of  the  ion,  e  is  the 
elementary  charge,  a  is  the  ion  density,  Ac  is  the 
probe  collection  area,  m,  is  the  ion  mass,  and  f(V) 
is  the  ion  voltage  distribution  function).13  Note 
that  the  RPA  measures  the  ion  energy  distribution 
only  if  the  plasma  is  composed  of  ions  of  the  same 
mass  and  charge.  This  is  not  the  case  for  Hall 
thrusters,  which  for  300  V  discharges  are  known 
to  be  composed  of  7-11%  Xe2+  and  <1% 
Xe3+.11,13  As  a  result,  the  RPA  measures  the  ion 
voltage  distribution  function  when  used  with  Hall 
thrusters. 

The  RPA  used  in  these  experiments  was 
based  on  the  multi-gridded  energy  analyzer  design 
of  Hutchinson.14  It  is  composed  of  three  grids  and 
shown  schematically  in  Figure  3.  The  outer  body 
of  the  RPA  is  constructed  of  316  stainless  steel 
(SS)  tubing,  which  was  held  at  ground  potential. 
A  phenolic  sleeve  placed  inside  the  body  provides 
electrical  isolation  of  the  grids.  All  grids  are 
identical  and  are  cut  from  316  SS, 
photochemically  machined  sheet  with  a  thickness 
of  0.005”.  The  grid  openings  are  0.011”  diameter 
with  a  total  open  area  fraction  of  38%.  Grid 
spacing  is  achieved  using  machinable  glass-mica 
ceramic  washers,  fabricated  to  provide  the  correct 
separation  distances.  The  collector  is  a  copper 
disk.  Electrical  connections  are  accomplished  by 
spot  welding  stainless  steel  wire  to  each  grid.  The 


Grid  1  -  Floating 


Washers 


Figure  3  -  Schematic  of  the  RPA 

Table  1  -  RPA  washer  thicknesses  and  inner 
diameters. 


Washer 

Thickness 

ID. 

1 

0.038” 

0.733” 

2 

0.132” 

0.851” 

3 

0.068” 

0.853” 

4 

0.257” 

0.842” 

5 

0.257” 

0.845” 

During  operation,  grid  1  floated  to 
minimize  perturbation  between  the  probe  and 
ambient  plasma  while  grid  2  was  biased  -30  V 
below  ground  to  repel  incident  electrons.  Grid  3 
was  swept  over  voltages  ranging  from  0  to  1100  V 
relative  to  ground  using  a  sourcemeter.  The  ion 
current  to  die  collector  was  measured  using  a 
picoammeter.  Figure  4  shows  the  RPA  electrical 
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schematic. 


Figure  4  -  RPA  electrical  schematic. 


broadening.  The  acceptance  angle  of  the  ESA  was 
4°  compared  to  45°  in  the  RPA.  As  a  result,  the 
width  of  the  ion  voltage  distribution  is  more 
accurate  in  the  ESA. 
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Figure  5  -  Potential  diagram  showing  the 

relationship  between  the  measured  quantities  (Vrpa, 
Vp),  the  true  ion  voltage  (Vt™),  and  the  loss  voltage 
(Vlos5). 


The  RPA  measures  the  ion  energy-to- 
charge  ratio  (i.e.,  the  ion  voltage)  with  respect  to 
facility  ground.  As  shown  in  the  potential  diagram 
of  Figure  5,  the  true  ion  voltage  (Vtrae)  is  obtained 
if  the  plasma  potential  is  subtracted  from  the 
measured  value  (V,pa). 

V  -  V  -V  (1\ 

r  true  r  rpa  r  p  J 

It  is  also  convenient  to  define  the  loss 
voltage  (Vioss)  as  the  difference  between  the 
discharge  voltage  (Vd)  and  true  ion  voltage. 

(3) 

In  Ref.  15,  the  ion  voltage  distributions 
measured  by  the  RPA  were  compared  to  a  45° 
parallel-plate  electrostatic  energy  analyzer  (ESA) 
by  Beal,  et  al.  These  experiments  were  conducted 
0.5  m  downstream  of  the  BHT-200-X3  Hall 
thruster  as  a  function  of  angular  position.  Figure  6 
compares  the  distributions  measured  by  the  RPA 
and  the  ESA  on  thruster  centerline.  Voltage  was 
measured  with  respect  to  facility  ground.  The 
peak  ion  voltage  measured  by  the  two  diagnostics 
was  found  to  agree  within  8  V  for  a  220  V 
discharge,  or  3.6%.  As  stated  by  the  authors,  die 
peak  ion  voltage  should  be  more  accurate  because 
it  is  much  less  sensitive  to  instrument 
misalignment  than  the  ESA.  The  wide  disparity 
between  the  width  of  the  distributions  from  the 
two  diagnostics  is  thought  to  be  due  to  instrument 


Figure  6  -  Ion  voltage  distributions  measured  with 
the  RPA  and  a  parallel-plate  energy  analyzer  on  the 
centerline  of  the  BHT-200-X3,  0.5  m  downstream  of 
the  exit  plane,  (from  Ref.  15) 

III.  RESULTS 

Langmuir  probe  and  RPA  measurements 
were  taken  during  separate  testing  periods  with  the 
thruster  operating  at  an  anode  flow  rate  of  10.0 
mg/s  and  a  cathode  flow  rate  of  1.0  mg/s. 
Langmuir  probe  measurements  tested  discharge 
voltages  of  300-1000  V,  while  the  RPA 
measurements  spanned  discharge  voltages  of  300- 
800  V.  A  grid  short  with  the  RPA  ended  testing 
prematurely  at  800  V.  At  each  discharge  voltage, 
the  effects  of  the  magnetic  field  were  evaluated  by 
operating  at  several  different  combinations  of  the 
thruster  coils.  These  were  without  the  trim  coils 
(+IC,+OC),  with  the  internal  trim  coil  (-ITC),  with 
both  the  internal  and  external  trim  coils,  (-ITC,- 
ETC),  and  with  the  external  trim  coil  (-ETC). 
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Thruster  telemetry  for  both  test  series  are  tabulated 
in  the  appendix, 

A.  Plasma  potential 

Figure  7  plots  the  plasma  potential  with 
respect  to  facility  ground  versus  the  discharge 
voltage  for  several  magnetic  field  configurations. 
The  plasma  potential  was  found  to  increase  by 
three  volts  as  the  discharge  voltage  increased  from 
300-1000  V,  regardless  of  the  magnetic  field 
configuration.  It  was  found  that  operating  the 
ETC  dropped  the  plasma  potential  by  1-2  V  at 
each  discharge  voltage.  The  ITC  had  no  effect  on 
the  plasma  potential.  The  plasma  potential  data 
was  used  to  correct  the  RPA  ion  voltage 
distributions  so  that  the  true  ion  voltage  could  be 
computed. 


Figure  7  -  Plasma  potential  versus  discharge  voltage 
for  several  magnetic  field  configurations,  two  meters 
downstream  from  the  thruster  exit  plane.  The 
external  trim  coil  (ETC)  lowered  the  plasma 
potential  by  1-2  volts, 

B.  Ion  voltage  distribution 

At  each  discharge  voltage  and  magnetic 
field,  three  sweeps  of  the  ion  retarding  voltage 
were  performed  with  the  RPA.  The  I-V  curves 
from  the  RPA  were  found  to  be  highly  repeatable. 
Figure  8  shows  the  raw  data  from  voltage  sweeps 
when  the  inner  and  outer  coils  where  energized 
(+IC,  +OC).  Except  for  800  V  (where  a  grid  short 
occurred  after  one  sweep),  each  curve  in  Figure  8 
consists  of  the  data  from  three  separate  sweeps. 
Before  differentiating  the  data  to  obtain  the  ion 
voltage  distribution,  the  data  from  each  sweep 
were  averaged  together. 


Figure  8  -  Ion  current  versus  retarding  voltage  from 
the  RPA.  The  inner  coil  (+IC)  and  outer  coil  (+OC) 
are  energized,  no  trim  coils  are  used.  To 
demonstrate  repeatability,  data  from  several  sweeps 
are  shown  for  each  voltage,  except  800  V  where  only 
one  sweep  was  obtained. 

To  obtain  the  ion  voltage  distribution,  the 
averaged  data  from  each  discharge  voltage  and 
magnetic  field  configuration  was  numerically 
differentiated.  This  induced  a  significant  amount 
of  numerical  noise.  To  smooth  the  signal,  the 
differentiated  data  was  fit  using  a  smoothing 
spline  algorithm.10  The  raw  data  and  the  spline  are 
compared  for  discharge  voltages  of  300  and  700  V 
(+IC,  +OC)  in  Figure  9.  The  spline  operation 
induced  enough  smoothing  that  detailed  features 
from  charge-exchange  or  elastic  collisions  were 
difficult  to  discern.  As  a  result,  the  RPA  ion 
voltage  distributions  were  used  only  to  compute 
the  peak  ion  voltage  and  the  width  of  the 
distribution.  The  peak  ion  voltage  was  relatively 
insensitive  to  the  smoothing  parameters.  The 
uncertainty  in  the  peak  ion  voltage  was  estimated 
as  ±0.5%.  The  width  of  the  ion  voltage 
distribution  was  characterized  by  the  full-width  at 
half-maximum  (FWHM).  The  FWHM  was  found 
to  be  more  sensitive  to  the  smoothing  parameters 
than  the  peak  ion  voltage.  The  uncertainy  in  the 
FWHM  was  estimated  as  ±1%  of  the  discharge 
voltage.  The  uncertainty  estimates  were  based  on 
numerical  experiments  that  examined  how  the 
peak  ion  voltage  and  FWHM  depended  on  the 
smoothing  paramters. 
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IV.  DISCUSSION 

A,  Plasma  potential 

The  primary  purpose  of  the  plasma 
potential  measurements  was  to  shift  the  ion 
voltage  distributions  so  that  the  true  ion  voltage 
could  be  found.  Figure  7  shows  that  the  plasma 
potential  ranged  from  8.5-13.5  V.  While  still  a 
small  fraction  of  the  discharge  voltage,  the  plasma 
potential  was  a  significant  fraction  of  the  loss 
voltage,  which  ranged  from  25-35  V.  The 
measurements  emphasize  the  importance  of 
obtaining  the  true  ion  voltage  if  an  accurate 
measurement  of  the  loss  voltage  is  desired. 

A  remarkable  feature  of  Figure  7  is  the  1-2 
V  drop  in  plasma  potential  caused  by  the  ETC.  At 
400  V,  the  plasma  potential  drop  was  smaller  than 
the  other  discharge  voltages  because  the  ETC  was 
energized  to  -2  A.  All  other  discharges  voltages 
used  a  coil  current  of  -4  to  -6  A.  The  trends 
indicate  that  the  drop  in  plasma  potential  was 
independent  of  the  ion  energy.  The  drop  in  plasma 
potential  was  unexpected  for  two  reasons.  First, 
because  the  Langmuir  probe  was  two  meters  from 
the  thruster  it  was  expected  that  any  differences 
caused  by  the  magnetic  field  near  the  thruster 
would  have  been  smoothed  out.  Second,  the  ETC 
altered  the  magnetic  field  by  a  relatively  small 
amount.  Measurements  with  a  hand-held 
Gaussmeter  showed  that  the  magnetic  field 
decreased  only  by  a  few  Gauss  when  the  ETC  was 
energized  to  -5  A. 

The  drop  in  plasma  potential  was 
consistent  with  numerical  modeling  by  Keidar, 
who  showed  that  a  decreasing  magnetic  field 
would  decrease  the  plasma  potential.17  The  drop 
in  plasma  potential  could  be  important  in 
controlling  the  charge-exchange  plasma  near  the 
thruster,  which  is  known  to  cause  erosion  of 
sensitive  spacecraft  surfaces. 

B.  Ion  voltage  distribution 

The  RPA  is  an  important  plasma 
diagnostic  because  it  yields  information  on  the 
voltage  distributuion  of  ions  emanating  from  the 
thruster.  This  information  is  needed  by  spacecraft 
designers  to  calculate  plume  impingement  on 
sensitive  surfaces  such  as  solar  arrays  and  optics. 
Knowledge  of  the  ion  voltage  distribution  is  also 
important  to  thruster  design.  The  spread  in  ion 


voltage  and  their  mean  energy  are  critical  to  both 
maximizing  life  and  optimizing  performance. 
However,  charge-exchange  and  elastic  collisions 
and  axial  variations  of  the  plasma  potential  in  the 
plume  can  change  the  distributions  as  the  plume 
propagates  from  the  thruster.  These  changes 
manifest  themselves  through  collision  signatures 
(broadening  or  secondary  peaks)  or  shifts  in  the 
distribution  caused  by  electric  fields.  These 
effects  can  be  minimized  by  operating  at  low 
pressures  or  corrected  for  through  secondary 
measurements  (such  as  the  axial  variation  of  the 
plasma  potential).  As  a  result  of  these  plume 
effects,  the  data  from  the  RPA  was  used  primarily 
to  analyze  the  relative  variations  between 
operating  conditions  (discharge  voltage  and 
magnetic  field). 

From  Figure  11,  the  loss  voltage  was 
shown  to  decrease  with  increasing  discharge 
voltage.  A  decrease  in  the  loss  voltage  meant  that 
the  acceleration  efficiency. 


(4) 


(where  <E;>  is  the  mean  ion  energy)  increased.18 
An  increase  in  the  acceleration  efficiency  could 
result  if  either  (or  both)  the  acceleration  layer  or 
ionization  zone  moved  closer  to  the  anode. 
Internal  measurements  of  the  floating  potential 
from  Ref.  10  indicated  that  the  acceleration  layer 
moved  closer  to  the  anode  as  the  discharge  voltage 
increased.  Visual  observations  of  the  brightness  of 
the  plasma  in  the  discharge  chamber  have  also 
indicated  that  the  plasma  moved  closer  to  the 
anode,  which  implied  a  movement  in  the 
ionization  zone.  Taken  together,  the  various 
measurements  imply  that  both  the  acceleration 
layer  and  the  ionization  zone  were  moving  closer 
to  the  anode  with  discharge  voltage.  The  end 
result  was  an  increase  in  the  mean  ion  energy  and 
therefore  increased  acceleration  efficiency. 

From  Figure  12,  the  FWHM  was  shown  to 
increase  with  increasing  discharge  voltage.  An 
increase  in  the  FWHM  meant  that  the  dispersion 
efficiency, 
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(where  Ui  is  the  ion  velocity)  decreased.18  The 
dispersion  efficiency  characterizes  the  spread  in 
ion  velocities  (or  energy).  The  dispersion 
efficiency  will  decrease  if  either  (or  both)  the 
acceleration  layer  or  ionization  zone  growr  thicker 
in  the  axial  direction.  Internal  measurements  of 
the  floating  potential  from  Ref.  10  did  not  indicate 
that  the  thickness  of  the  acceleration  layer  was 
growing.  This  implies  that  the  ionization  zone 
simply  increased  in  length  as  the  discharge  voltage 
increased. 

The  conclusion  reached  was  that  increased 
discharge  voltage  resulted  in  a  thickening  of  the 
ionization  zone  and  a  translation  towards  the 
anode.  This  could  occur  if  the  average  electron 
temperature  remains  above  the  ionization  potential 
over  a  greater  axial  extent.  Such  a  situation  is 
consistent  with  increases  in  the  discharge  voltage, 
because  the  ability  of  the  walls  to  moderate  the 
electron  temperature  decreases  with  discharge 
voltage.  The  end  result  of  increased  ionization 
zone  thickness  was  an  increase  in  the  average  ion 
energy  and  a  wider  distribution  of  ion  energies. 
This  could  be  undesirable  from  the  standpoint  of 
lifetime  because  it  implies  a  greater  number  of  ion 
impacts  with  the  walls.  However,  because  the 
performance  of  the  thruster  was  still  favorable,  the 
increase  in  erosion  may  have  been  second  order. 
Other  off-axis  effects  may  have  contributed  to 
better  focussing  of  the  ion  beam  with  discharge 
voltage,  such  as  the  curvature  of  the  magnetic  field 
lines.  This  hypothesis  was  consistent  with  the 
observed  decrease  in  plume  divergence  from  Ref. 
9  from  38°  to  28°  over  voltages  of  300-1000  V. 
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APPENDIX 


Table  2  -  NASA-173MV2  telemetry  from  Langmuir  probe  measurements. 


Point 

Vd  (V) 

Id  (A) 

Anode 

(mg/s) 

Cathode 

(mg/s) 

Inner 
Coil  (A) 

Outer 
Coil  (A) 

internal 

Trim  Coil 
(A) 

lixtemai 

Trim  Coil 
(A) 

Veg(V) 

Pressure 

(Torr) 

148 

300,3 

9.00 

10.00 

1.00 

1.75 

1.50 

0,00 

0,00 

-11.3 

4.6E-06 

149 

300.4 

8,89 

10.00 

1,00 

1.75 

1.50 

-0.54 

o 

o 

o 

-11.2 

4.6E-06 

150 

300,4 

8.88 

o 

8 

1,00 

1.75 

1,50 

-0.54 

-4.00 

-10.6 

4.6E-06 

151 

300.4 

8.99 

10.00 

1.00 

1.75 

1.50 

0,00 

-10,9 

4.6E-G6 

_ 

152 

400.2 

10.00 

1.00 

2.50 

2.26 

0.00 

0,00 

-12.7 

4.6E-06 

153 

400,2 

9,26 

10.00 

LOO 

2.50 

2.26 

-0.36 

0.00 

-12.7 

4.6E-06 

154 

400.2 

9.25 

10,00 

1.00 

2.50 

2.26 

-0.36 

-2.00 

-12.3 

4.6E-G6 

155 

400.2 

9,32 

10.00 

1.00 

2.50 

2.26 

0.00 

-2.00 

-12.2 

4.6E-06 

156 

500.3 

9.49 

WEM3M 

1.00 

3.00 

2.20 

0.00 

0.00 

-13.2 

4.6E-06 

157 

500.3 

9.34 

10.00 

1,00 

3.00 

2.20 

-0,35 

0.00 

-13.4 

4.6E-06 

158 

500.3 

9.42 

10.00 

LOO 

3.00 

2.20 

-0.35 

INRUSH 

-12.7 

4.6E-06 

159 

500.3 

9,46 

10.00 

1.00 

3.00 

2,20 

0.00 

-5.00 

-12.6 

4.6E-06 

_ 

160 

600.3 

9,41 

10,00 

1.00 

3.26 

2.49 

0.00 

0,00 

-13,0 

4.6E-06 

161 

600,3 

9.24 

10.00 

LOO 

3.26 

2,49 

-0.26 

0.00 

-13,5 

4.6E-06 

162 

600,3 

9.35 

© 

8 

LOO 

3.26 

2.49 

-0,26 

— 

mvxm 

4.6E-06 

163 

600.3 

9.46 

10.00 

LOO 

3.26 

2.49 

0.00 

-12,4 

4.6E-06 

164 

700.3 

9.40 

10.00 

LOO 

3.41 

3.06 

0.00 

0.00 

-14.3 

4.6E-06 

165 

700.3 

9.53 

10,00 

3.41 

-0.20 

o 

© 

d 

1— 

4.6E-06 

166 

700.3 

9,51 

10.00 

WEESM 

3.06 

-0.20 

-5.00 

4.6E-06 

168 

700,5 

9.54 

10.00 

o 

o 

K2B 

o 

o 

© 

■KTTSSi 

in 

4.6E-06 

170 

800.1 

9.44 

10.00 

LOO 

3,82 

3.30 

0,00 

0.00 

-14.7 

4.6E-06 

171 

800.1 

9.55 

10,00 

LOO 

3.82 

3.30 

-0.21 

0,00 

-14.5 

4.6E-06 

172 

800.1 

9.53 

10.00 

LOO 

3.82 

3.30 

-0.21 

-13.9 

4.6E-06 

175 

900.4 

9.61 

10.00 

L00 

3.85 

3.61 

0.00 

0.00 

4.6E-06 

176 

900,4 

9.72 

10.00 

LOO 

3,85 

3.61 

-0.04 

0.00 

-13.8 

4.6E-06 

177 

900.4 

9.73 

io.oo 

LOO 

3.85 

3.61 

-0.04 

-5,90 

-13.3 

4.6E-06 

178 

900.4 

9.73 

10.00 

LOO 

3.85 

3.61 

0,00 

-5,90 

-13.3 

4.6E-06 

181 

1000.1 

9.71 

10.00 

1.00 

4.36 

3.81 

0.00 

0.00 

-14.2 

4.6E-06 

182 

1000.1 

9.85 

10.00 

1.00 

4.36 

3.81 

-0.16 

0.00 

-13.8 

4.6E-06 

183 

9.94 

10.00 

LOO 

4.36 

3.81 

-0.16 

-13.1 

4.6E-06 

184 

1000.1 

10,08 

10.00 

LOO 

4,36 

3.81 

0.00 

-5.00 

-12.9 

4.6E-06 

« 
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Table  3  -  NASA-1 7 3Mv2  telemetry  from  RPA  measurements. 


Point 

Vd(V) 

Id  (A) 

Anode 

(mg/s) 

Cathode 

(mg/s) 

Inner 
Coil  (A) 

Outer 
CoH  (A) 

Internal 
Trim  Con 
(A) 

External 

Trim  Coil 
(A) 

Vcg(V) 

Pressure 

(Torr) 

70 

300,2 

1M1 

10.00 

LOO 

L75 

L50 

0.00 

0 .00 

-11,9 

4.6E-06 

71 

300.2 

8.68 

10.00 

1,00 

1.75 

1.50 

-0.54 

-11.9 

4.6E-06 

72 

300.1 

8.68 

10.00 

1,00 

■hem 

1.50 

-0.54 

-4.00 

-11.5 

4.6E-06 

73 

300.2 

8.88 

10.00 

1.00 

in 

L50 

0.00 

-11.5 

4.6E-06 

_ _ _ 

74 

400.4 

9.24 

10.00 

1,00 

2.50 

2.26 

0.00 

■■■ 

BUI 

4.6E-06 

75 

400.4 

wm m 

10,00 

1.00 

2.50 

2.26 

0.00 

mm 

BCT 

4.6E-06 

76 

500.4 

9,38 

10.00 

LOO 

3.00 

2.20 

0.00 

■EXHiM 

Bm 

4.6E-06 

77 

500.3 

9.23 

10.00 

LOO 

3,00 

2.20 

-0.35 

0.00 

KMC 

4.6E-06 

78 

500.4 

9.29 

o 

o 

© 

LOO 

3.00 

2.20 

-0.35 

-13,1 

4.6E-06 

79 

500.4 

9.43 

10,00 

LOO 

3,00 

2.20 

0.00 

-5,00 

-13.3 

4.6E-06 

82 

600.3 

9,53 

10.00 

LOO 

3.26 

2.49 

0.00 

0.00 

-13.1 

4.6E-06 

83 
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